1. Introduction {#sec1}
===============

The significant influence of the extracellular environment on a variety of cellular processes such as cell adhesion, proliferation, migration and differentiation has recently developed into a subject of high interest for cellular research.^[@ref1]−[@ref3]^ Cell migration, for instance, is controlled by the dimension^[@ref4],[@ref5]^ as well as by the mechanical properties of the extracellular environment,^[@ref6],[@ref7]^ where nuclear deformability, physical tissue constraints, cell stiffness, and cell adhesion are important limiting factors.^[@ref8]−[@ref10]^ Therefore, the manipulation and characterization of microstructural properties of materials provides novel opportunities to mimic extracellular environments in order to control cell migration.

A biomedically highly relevant application for controlling cell migration is to capture pathogenic microorganisms. For example, micron-sized lobster traps have been fabricated from silicone to capture swimming bacteria.^[@ref11]^ Such structure-based capture devices are very interesting, as they can provide cell capture without the requirement of additional chemical agents.

The medical advantages of cell-capturing materials become quickly apparent considering pathogenic cells that rely on adhesion to their surroundings. A medically dangerous,^[@ref12]^ adhesive,^[@ref13]^ and extremely motile^[@ref14]^ example of such pathogens is *Acanthamoeba castellanii* (*A. castellanii*). Upon contact with the human eye, this amoeba invades the corneal tissue and leads to a painful and hard-to-treat Acanthamoeba keratitis, which can even cause blindness.^[@ref15]^ This is an especially troubling issue as *A. castellanii* is found in a huge variety of environments such as water reservoirs (e.g., swimming pools or liquids for contact lens storage^[@ref16]^) and soil, even despite disinfection procedures.^[@ref17]^ Thus, the infection chance during everyday human life is comparably high.^[@ref18]^*A. castellanii* infections are especially severe as the parasite's motile trophozoite form can transform into double-walled cysts under unfavorable conditions to protect itself from medication, heat, or even radiation. This makes treatment procedures extremely long-lasting and complicated.^[@ref19]^ Considering this, it is not only important to improve procedures that cure an *A. castellanii* infection, but also to find methods to avoid the infection in the first place. Conventional strategies to avoid *A. castellanii* infections are based on disinfection procedures,^[@ref20]^ which lack the efficiency to kill all the amoebae^[@ref21]^ and strongly rely on the active cooperation of the potentially exposed person. Hence, they are prone to mistakes and capturing the amoeba using microstructured materials poses a highly promising alternative to these established methods.

Here, we introduce a novel approach to capture *A. castellanii* by the structural features of a 3D porous material. To do so, we produced bulk hydrogels containing a maze-like three-dimensional network of interconnected microchannels by embedding and subsequently dissolving microfibrous zinc oxide (ZnO) scaffolds in Polyacrylamide (PAAm). The scaffolds are made of ZnO tetrapods, which are very unique three-dimensional structures with four arms interconnected via a central core at an angle of ∼109° and with variable sizes in the micrometer regime.^[@ref22]^ By pressing such tetrapods into a tablet and sintering them at high temperatures, a highly interconnected ZnO network can be produced that serves as sacrificial structure for microfibrous materials.^[@ref23],[@ref24]^ When employed in combination with hydrogels, a unique microchannel network is formed that can be used both for controlling *A. castellanii* migration and even for capturing these parasites from their incubation medium. Our findings indicate the high potential of this approach to lower the risk of *A. castellani* infections on a broad scale, as it can be used to produce materials to remove the parasites from water reservoirs or to inhibit amoebae migration, giving our approach a high medical, pharmaceutical, and engineering relevance.

2. Materials and Methods {#sec2}
========================

Acanthamoeba Culture {#sec2.1}
--------------------

*Acanthamoeba castellanii* trophozoites were cultured at room temperature in peptone yeast glucose (PYG) 712 medium (20 g proteose peptone (BD, Sparks, USA), 1 g of yeast extract (BD, Sparks, USA), 950 mL of distilled water, 10 mL of 0.4 M MgSO~4~·7H~2~O (AppliChem, Darmstadt, Germany), 8 mL of 0.05 M CaCl~2~ (AppliChem, Darmstadt, Germany), 34 mL of 0.1 M sodium citrate·2H~2~O (Merck, Darmstadt, Germany), 10 mL of 0.005 M Fe(NH~4~)2(SO~4~)~2~·6H~2~O (AppliChem, Darmstadt, Germany), 10 mL of 0.25 M Na~2~HPO~4~·7H~2~O (Roth, Karlsruhe, Germany), 10 mL of 0.25 M KH~2~PO~4~ (Roth, Karlsruhe, Germany), and 50 mL of 2 M glucose (Sigma--Aldrich Chemie GmbH, Steinheim, Germany)). The PYG medium was exchanged at least once a week to avoid cyst formation. *Acanthamoebae* were detached from the culture flask by slight knocking, collected with a pipet and centrifuged. The generated pellet was resuspended in PYG medium and the cell number was counted using a Neubauer counting chamber.

Ceramic Porous Template Synthesis {#sec2.2}
---------------------------------

Zinc oxide tetrapods (*t*-ZnO) were synthesized by using a single step flame transport synthesis approach.^[@ref22],[@ref23]^ The tetrapods with arm diameter in the submicron regime and arm lengths ranging between 1 and 8 μm were utilized for fabrication of porous interconnected sacrificial templates for all cellular experiments. Thinner tetrapods for checking the influence of tetrapod diameter onto the resulting channel diameter were produced by adapting the flame transport synthesis: Whereas the conventional synthesis of the tetrapods presented above makes use of a sacrificial polymer (PVB) as a carbon source for zinc reduction, we now used ethanol in its stead. Furthermore, a turbulent air environment was created by applying a constant pressurized air flow of 90 L/min. Additional turbulent effects from ethanol combustion as well as a short-term temperature increase led to a faster growth of thinner and longer tetrapod arms, partly connected by nanosails.^[@ref25]^

To form the 3D sacrificial templates, tetrapods from one synthesis batch were filled and pressed into cylindrical alumina molds and the amount was chosen such that the density of the resulting network is 0.3, ∼0.49, 0.6, or 1.0 g/cm^3^. The templates with pressed ZnO tetrapods were annealed at high temperature (thick tetrapods at 1150 °C for 4.5 h; thin tetrapods at 800 °C for 5 h) to form interconnections. For all cell experiments, we employed scaffolds with a density of 0.49 g/cm^3^.

Template-Mediated Polymerization of Microchannel-Containing Polyacrylamide {#sec2.3}
--------------------------------------------------------------------------

A mixture of acrylamide (Bio-Rad, 40%, 1.00 mL), *N*,*N*′-methylenebis(acrylamide) (Bis, Bio-Rad, 2%, 200 μL), HEPES buffer (Sigma-Aldrich, pH 7.5, 50.0 μL), and ammonium persulfate solution (Sigma-Aldrich, 10%, aq., 75.0 μL) were filled up to a volume of 5.00 mL with bidest. water in a small beaker and degassed for 20 min in a desiccator. The solution was poured on the *t*-ZnO tablet with *N,N,*N*′,N′*-tetramethylethylenediamine (TEMED, Bio-Rad, 5.00 μL), and after 1 h of polymerization, the substrate was washed with and stored in bidest. water (AppliChem GmbH).

Hydrolysis of the ZnO-Template inside the Polyacrylamide {#sec2.4}
--------------------------------------------------------

The ZnO-template was removed from the PAAm via hydrolyzation by three times incubating the hydrogel in hydrochloric acid (0.5 M, Sigma-Aldrich) for a total of at least 24 h. Afterward, the hydrogel was washed with bidest. water (AppliChem GmbH) until it had a neutral pH value (pH 6 to 7) and was swollen to equilibrium in an adenosine 3′,5′-cyclic monophosphate solution (cAMP, Sigma-Aldrich, 0.01--10.0 mM), which was exchanged daily, for 2 to 4 d. Samples were sterilized in 70% ethanol for 15 min and washed under sterile conditions for 24 h with PYG 712 for *A. castellanii* experiments. Substrates were used within 48 h.

Fluorescent Staining of the Microchannels {#sec2.5}
-----------------------------------------

To render the microchannels of a PAAm sample fluorescent, we removed the water from the hydrogel by washing it repeatedly in ethanol (Walter CMP, Germany) for at least 20 min, increasing the ethanol concentration with each washing step. The concentrations employed were 50, 70, 80, 90, 95, and 99%. Then, the samples were incubated in an aqueous solution of Fluorescein isothiocyanate -- Dextran 500.000 -- Conjugate (FITC-Dextran, 1.32 mg/mL, Sigma-Aldrich) overnight.

Imaging of the Microchannels {#sec2.6}
----------------------------

Fluorescent z-stack images were recorded using a confocal microscope (Olympus, IX-81), equipped with a spinning disc unit (TILL Photonics, 1203--9--1--0017), a 488 nm Laser (Topica Photonics, iCHROME-MLE_LFA 3002) and an EM-CCD Digital Camera (Hamamatsu). The samples were placed upside down in glass-bottom Petri dishes (ibidi, 81218--200). The surface at the bottom of the sample was focused, and the focus plane was shifted into the sample up to a point where background fluorescence became too strong (∼70 μm--220 μm into the sample). Z-stacks where recorded between these two focus planes with a step width of 1.99 μm. The z-stack top-views were computed using the xcellence rt software (Olympus, version 1.2).

Cell Migration Experiments {#sec2.7}
--------------------------

The sterilized microchannel-containing PAAm samples were incubated with *A. castellanii* (ATTC 30234, 30.000 cells/mL) in PYG medium in a 6-well plate (Sarstedt). After 0.5 h - 2 h incubation time, phase contrast images (Olympus, IX-81/BX-43) and movies (1 frame per 5 s) of the trophozoites inside the microchannels were recorded with a 10× objective using a monochrome (Hamamatsu, C-9300) or color camera (Imaging Source, DFK 31BF03). As control experiments, bulk PAAm samples were created as described above, but without applying a ZnO template, and swollen to equilibrium in cAMP.

Image Analysis {#sec2.8}
--------------

*Acanthamoeboa* images were analyzed for the resting time, cell speed, and the direction of movement of the trophozoites inside the channels. Cell speed was determined by following the track of their front and rear inside a channel. The speed of the moving amoebae and their diameter perpendicular to the direction of motion was measured using ImageJ.^[@ref26]^ The latter was interpreted as a measure for the channel diameter the cell was migrating through.

Cell Trapping Efficiency of the Microchannel-Containing Polyacrylamide Substrates {#sec2.9}
---------------------------------------------------------------------------------

To quantify the efficiency with which our microstructured PAAm captures Acanthamoeba from incubation medium, we placed four PAAm substrates in one well of a 6-well-plate and incubated them with *A. castellanii* in PYG 712 medium (20000 cells per well). These experiments were performed in three technical repeats and also with blank wells as control. The number of cells in the supernatant of each well was counted with a Hemocytometer (Neubauer counting chamber, Hecht Glaswaren) after 2, 24, 48, and 120 h.

Elasticity of Bulk Samples {#sec2.10}
--------------------------

Bulk samples without ZnO were prepared according to the prescription above. The polymer mixture was poured in PTFE molds with a diameter of 10 and 5 mm height. The samples were polymerized at room temperature for 1 h and then treated with either dest. water, 0.5 M hydrochloric acid or 1.28 M hydrochloric acid for 2 days. Afterward, the samples were washed with dest. water until the pH of the solution was neutral (up to 6 d). The mechanical properties of the swollen samples were determined with an indentation experiment using a modified tensile test setup. On one side, a stepper motor (M229.26S, Physik Instrumente GmbH & Co. KG, Germany) introduces a movement and on the other side, a load cell (KD24s 10N, ME-Meßsysteme GmbH, Germany) detects a force. To switch this setup to a tensile test setup, we mounted a PTFE-sphere with a diameter of 6 mm to the moving arm of the stepper motor and a flat PTFE plate to the load cell. PTFE was chosen for reducing the friction between the surfaces and the sample. For the measurement, the sphere was moved to a predefined position above the sample. Afterward, it was lowered by 3 mm with a velocity of 0.1 mm/s, resulting in an indentation of the sample. The indentation depth varied between the samples, because the start- and end point of the measurement were predefined and the sample thickness varied.

3. Results {#sec3}
==========

We synthesized ZnO tetrapods, pressed them into a tablet, and sintered this tablet to ensure interconnectivity of the tetrapods in the resulting ZnO network. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A shows an exemplary Scanning Electron Microscopy (SEM) image of a ZnO tetrapod, the size of which can be easily determined by image analysis. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B shows a histogram of the diameters of 105 tetrapod arms, measured at their base. These diameters range from 1.5 to 8.75 μm and their distribution peaks at 3 μm.

![(A) Exemplary SEM image of a ZnO tetrapod, which serves as basic constituent of sacrificial templates for the production of microchannel-containing hydrogels. The SEM images allow the determination of the tetrapod size by image analysis. A histogram of the tetrapod diameter, measured at the base of the tetrapod arms is shown in B. The distribution ranges from 1.5 to 8.75 μm and peaks at 3 μm.](ab-2018-01009u_0001){#fig1}

The ZnO tetrapod tablet was immersed in a solution of Acrylamide and BIS Acrylamide, which was then polymerized to form PAAm. A phase contrast image of the tetrapod tablet, embedded in the polyacrylamide gel, is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A. When such a ZnO-containing PAAm sample was incubated in hydrochloric acid, the ZnO template dissolved, leaving microchannels in the hydrogel. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, the dissolving process is shown macroscopically and its final stages are captured microscopically ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C) at the center of the original tablet, showing that no ZnO tetrapods were left after the hydrolysis. The sample was then washed excessively in aqua bidest. to remove all the dissolved ZnO and other reaction products, thus resulting in microchannels inside the PAAm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). As the tetrapods had been pressed to high densities and were sintered at high temperatures prior to embedding them in the hydrogel, the ZnO network in the PAAm was fully interconnected and hence the microchannels, which remained in the hydrogel as a negative imprint of this ZnO network after its dissolution, were also interconnected. In other words, the hydrogel now contained a network of cylindrically shaped, interconnected microchannels with larger cavities at the junctions of several of these channels. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} visualizes the different fabrication steps of our procedure.

![ZnO tetrapods are pressed and sintered into an interconnected ZnO network and embedded into an Acrylamide solution, which is then allowed to polymerize. (A) Phase contrast image of the ZnO network in the PAAm hydrogel. The ZnO network dissolves when the PAAm sample is incubated in hydrochloric acid (HCl). (B, C) both present time arrays starting from the left that recorded the dissolution process. (B) Entire process shown macroscopically. (C) Phase contrast images of the last stages of the hydrolysis, recorded microscopically every 15 min at the center of the tablet, showing that the nontransparent ZnO structures dissolve completely. The ZnO structures leave an interconnected network of microchannels in the PAAm gel, as shown in a phase contrast image in D.](ab-2018-01009u_0002){#fig2}

![Synthesis of microchannel-containing polyacrylamide hydrogels. First, a sintered zinc oxide tetrapod based network template (black) with a well-defined tetrapod density is embedded into an acrylamide solution, which is then polymerized to polyacrylamide (PAAm, green). Afterward, the template is hydrolyzed with hydrochloric acid (HCL), leaving a negative of microchannels inside the PAAm (white). After complete hydrolysis of the ceramic template, the PAAm is washed and swollen to equilibrium in cAMP solution. Now, the material can be used for cell experiments (orange). As the tetrapod template was sintered and produced at high tetrapod densities, the network of microchannels in the PAAm, being a negative of this template, is highly interconnected.](ab-2018-01009u_0003){#fig3}

For better visualization of the channels, we filled them with a FITC-Dextran conjugate (which entered the microchannels, but not the hydrogel itself), and imaged z-stacks of the samples with a confocal microscope. Exemplary top-views of z-stack composites are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For each of two different tetrapod diameter ranges (A--C and D--F, respectively), three different samples with different tetrapod densities (0.3 g/cm^3^ in A and D, 0.6 g/cm^3^ in B and E, 1 g/cm^3^ in C and F) were produced and for each sample, one image is given. The images show that the densities as well as diameter ranges of the resulting microchannels can be controlled by manipulating the respective property of the sacrificial scaffold. The density can be varied by adapting the amount of ZnO tetrapods added to the sample as well as by changing the pressure applied during the sintering process. More tetrapods as well as higher pressures increase the network density. The diameter ranges of the tetrapods and hence the microchannels can be varied by parameters of the tetrapod production process.^[@ref27]^

![Top-view of a z-stack of confocal fluorescence microscopy images of the microchannels in PAAm hydrogels. The images present channels resulting from tetrapod scaffolds with different network densities and diameters. (A--C) Samples produced by using tetrapods with larger diameters, (D--F) samples produced using thinner tetrapods. Each column of images pictures samples from one ZnO density in the tetrapod template. Namely (A, D) 0.3, (B, E) 0.6, and (C, F) 1 g/cm^3^. It becomes clear that the ranges of channel diameters and densities are influenced by these respective parameters of the sacrificial ZnO template and can hence be controlled by adapting the template properties.](ab-2018-01009u_0004){#fig4}

To investigate the impact of our 3D hydrogel microstructure on the migration of Acanthamoebae, we incubated our microchannel-containing PAAm with *A. castellanii* trophozoites, which readily adhered to the PAAm without further surface functionalization. As *A. castellanii* is responsive to adenosine 3′,5′-cyclic monophosphate solution (cAMP),^[@ref28]^ the hydrogels were soaked in cAMP prior to cell experiments to accelerate migration into the hydrogel scaffold. Two very interesting and striking effects became quickly apparent: First, in spite of their typical diameter of 12 μm--35 μm,^[@ref12]^*A. castellanii* trophozoites were able to migrate through microchannels with diameters down to a few microns to explore the material ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Second, the trophozoites often remained immotile for much longer times when reaching larger cavities at the junctions of the microchannels inside the PAAm ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B).

![(A) Phase contrast images of *A. castellanii* moving through the microchannels inside the PAAm. The circle indicates an Acanthamoeba migrating into a side channel (Ø = 6.5 μm). (B) Several Acanthamoebae are stuck in a microchannel junction (arrow) and an Acanthamoeba is stuck inside a cavity. The Acanthamoeba probes the surrounding channels with its Acanthapodia (rectangle).](ab-2018-01009u_0005){#fig5}

To further quantify these effects, movies were taken over several hours (here, 16 h; [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.8b01009/suppl_file/ab8b01009_si_003.avi)) and analyzed for cell migration speed, cell diameter (measured perpendicular to direction of movement, hence corresponding to the size of the microchannel that the amoeba was squeezing through) as well as the percentage of migrating and resting *A. castellanii* trophozoites. As a control, we carried out the same analysis on *A. castellanii* migrating on bulk PAAm samples. The results are presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and demonstrate that *A. castellanii* trophozoites squeezed into channels of diameters down to 6.5 μm. No migrating cells were observed in channels smaller than this. Furthermore, no apparent correlation of cell migration speed with the channel diameter was observed, but *A. castellanii* migrating on bulk PAAm samples were able to reach velocities almost twice as high as the ones in the microchannel networks ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). Even more strikingly, we found that more than 50% of the *A. castellanii* trophozoites in microchannel-containing PAAm were resting in cavities while amoeba migrating on bulk PAAm samples were always in motion ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B), underlining the significance of the influence that our new microchannel network in the PAAm gels has on cell migration. An Acanthamoeba was defined as "resting" if it stayed inside a cavity for at least 40 s. This value was chosen heuristically due to the length of our movies. In some experiments, the trophozoites stayed inside a cavity even for several hours. It is noteworthy that *A. castellanii* trophozoites are very motile and clearly do not rest on flat, unstructured substrates.

![*A. castellanii* migration inside the microchannels of PAAm. (A) shows the migration speed plotted versus the diameter of the channel the trophozoite was squeezing through. The violet circles on the right represent the migration speeds of *A. castellanii* cells on bulk PAAm samples. It becomes clear that *A. castellanii* trophozoites can squeeze into channels with diameters as small as 6.5 μm. No cells were observed below that (hatched area). Besides, there is no correlation of cell migration speed with channel diameter, but trophozoites on bulk samples can reach maximum migration speeds almost twice as high as the ones in the microchannels. (B) Percentages of resting and moving *A. castellanii* trophozoites on bulk samples (total number *N* = 18) and in the microchannel network in our PAAm sample (*N* = 83). Although all amoebae were in motion on bulk samples, 54.2% of the cells in the microchannel-containing materials were resting in cavities at the junctions of several microchannels.](ab-2018-01009u_0006){#fig6}

Experiments carried out at longer time scales demonstrated that *A. castellanii* trophozoites stayed in the microchannel network inside our PAAm substrate for at least 6 days. They continued to migrate and exhibit intracellular motion while no encystment but very high trophozoite densities were observed in the channels ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). These rising cell densities motivated the idea that the specific 3D architecture of microchannels in combination with larger cavities in our hydrogels might provide the opportunity to capture *A. castellanii* from liquids with our new material. Hence, we incubated microchannel-containing PAAm samples up to 120 h with *A. castellanii* in PYG medium and repeatedly counted the number of cells in the supernatant of the medium ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). As a control, we repeated these experiments in cell culture dishes without PAAm. After 24 and 48 h incubation time, the amount of Acanthamoeba was slightly higher in the medium of the microchannel-containing PAAm, but after 120 h the presence of the microporous material had led to a significantly lower amount of *A. castellanii* in the supernatant compared to the medium of the bulk control ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

![Phase contrast image of densely packed *A. castellanii* inside the polyacrylamide microchannel network after 1 day of incubation, revealing that the amoebae agglomerate as trophozoites in our substrate on longer time scales.](ab-2018-01009u_0007){#fig7}

![Number of *A. castellanii* in the medium after incubation with a microchannel-containing PAAm sample (black) or an empty cell culture dish (red) shows that although initially more trophozoites remain in the medium when incubated with the microstructured PAAm substrate, this changes strongly after 120 h incubation time, indicating the potential of our new substrate to remove amoebae from liquids.](ab-2018-01009u_0008){#fig8}

4. Discussion {#sec4}
=============

We have introduced a new technique to produce microstructured 3D hydrogels as cell substrates by pressing and sintering ZnO tetrapods into an interconnected network, which is immersed in an Acrylamide solution prior to polymerization. When the solution has polymerized, the tetrapod network is removed from the resulting PAAm hydrogel by hydrolysis with HCl. We have shown that this approach produces PAAm substrates containing a network of interconnected microchannels with diameters down to only few microns and that these porous materials can be used as 3D substrates to study and manipulate the migration behavior of *A. castellanii* trophozoites.

This, however, is just one among the many possible applications of these tetrapod-based materials in engineering and corresponding applications. In fact, following the strategy of material deposition and subsequent removal of an underlying template, 3D hollow tetrapodal networks with tunable dimensions (from nanometer to micrometer scale) and ultrahigh porosities (up to 98%) can in principle be easily realized also using many other ceramic materials. For instance, the 3D ceramic templates have already been successfully produced from several oxides, nitrides, silcon, etc. Because zinc oxide is easily hydrolyzed by acids,^[@ref24]^ it was chosen for the present experiments as the sacrificial template material. Furthermore, all polymers that withstand acidic environments can be microstructured. In other words, using our new approach, a huge variety of materials can be equipped with a network of interconnected microchannels with many different channel diameters and densities (i.e., pore sizes, pore distribution, and porosity).

We rendered the channels in the hydrogels fluorescent ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), enabling us to measure channel diameters and densities directly in the hydrogel samples. Furthermore, by analyzing confocal z-stack slices, it is possible to determine the number of junctions as well as their positions ([Figure S3](#notes1){ref-type="notes"}). This allows describing microchannel sizes and distributions in the sample ([Figure S4](#notes1){ref-type="notes"}). The porosity of the sample can also be determined using these z-stack slices. The porosity Φ is defined as the ratio of the volume of void space (i.e., of our channels) to the total sample volume.

The total channel volume directly after the ZnO dissolution process is equal to the total volume of the tetrapod network and can hence be calculated from the weight of the sacrificial ZnO template, as the density of ZnO is known. The porosity can then be expressed as^[@ref29]^with *V*~PAAm~ and *V*~ZnO~ as the volume of PAAm or ZnO, respectively. Hence, the initial PAAm porosity can be increased by increasing the amount of ZnO tetrapods in the sacrificial template. However, as the hydrogel continues to swell after ZnO dissolution,^[@ref30]^ and since the description in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} does not take local variations of channel densities or diameters into account, it is recommendable to evaluate the microporosity at the region of interest using fluorescence images ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Using image analysis, the fraction of fluorescent pixels to the total amount of pixels of each slice of the z-stack can be calculated and hence gives the local microporosity of the swollen gel.

In general, we suggest being careful with global descriptions of the samples produced with our approach because, as seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, the tetrapods constructing the sacrificial network do not have one distinct diameter, but a distribution of diameters. The same holds for the density of the tetrapod network and indeed, different positions of the microchannel-containing PAAm samples display different channel densities. Nevertheless, the properties of the channel network can be tuned as displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, but it is rather useful to consider this as an adaption of ranges of channel densities and diameters. Another important aspect is to realize that the shape of tetrapod arms ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) results in channels that vary their diameter across channel length.

In general, the fluorescent imaging of the channels is very useful to gain a quick overview of the networks' properties to optimize production parameters for specific experimental requirements. The fluorescent dextrane was chosen such that it entered the microchannels, but not the intrinsic pores of the hydrogel. This strategy can also be used to characterize the sample on many different positions and hence to apply statistical descriptions of global network properties or they can be directly taken at a specific region of interest to gain exact knowledge about sample characteristics at this region. However, it is very useful and accurate to determine the channel diameter of interest in situ during cell experiments by evaluating the cell diameter perpendicular to cellular motion while the cell is migrating through this channel. As the cells need to be optically observed anyway, this does not impose a lot of extra work, but results in the most reliable and quick determination of the relevant channel diameters during cell experiments. This approach overcomes potential issues originating from not having channels with one distinct diameter in the sample, but rather turns this fact into an advantage, as the influence of a variety of diameters on cell migration is automatically analyzed with one experiment. Furthermore, this variety of diameters resembles in vivo situations more accurately, as physiological extracellular environments are not homogeneous at the cell scale.^[@ref31]^ Similar assumptions hold for channel densities and the appropriate channel density can be chosen by simply changing the position at which experiments are carried out.

PAAm was chosen for the hereby presented experiments since hydrogels are very attractive for many biological applications,^[@ref32]^ as they are soft^[@ref33]^ and can support nutrient supply due to their intrinsic nanoporosity.^[@ref34]^ Specifically, PAAm is often used in cell adhesion experiments because its elastic properties can be defined by cross-linker density in a wide and physiologically important range and its surface can easily be functionalized.^[@ref32]^ The Young's modulus of the polyacrylamide produced in these experiments was approximately 19 kPa (Supporting Information, [Table S1](#notes1){ref-type="notes"}), thus being in the range of the matrix elasticity that ensures *A. castellanii* adhesion.^[@ref35]^

In general, the fabrication of mechanically robust 3D materials with well-defined porosities, pore shape and pore organization to control cell migration is highly desirable. However, achieving sufficient mechanical strength, and simultaneously adjustable porosities as well as interconnectivity in soft 3D architectured materials is a very challenging task. Fabrication of such materials requires complicated processing steps involving high costs.^[@ref36]−[@ref38]^ In addition, micrometer-sized pores are often introduced into bulk materials by applying conventional salt-leaching.^[@ref39],[@ref40]^ The pores generated by these conventional methods typically have diameters of several tens of micrometers, and are inverse-opal shaped so that many cells can enrich within a single pore.^[@ref41]^ Hence, cells in such large pores rather adhere on curved 2D surfaces without being completely surrounded by the material, as it is the case in our microchannels. Furthermore, the materials fabricated by salt-based pore-leaching require large pore fractions in order to guarantee pore interconnectivity, which imposes a large structural limitation. Gas foaming techniques lack the control of pore interconnectivity and often pose problems in the form of processing residuals in the material.^[@ref42]^ Such limitations are overcome by our novel approach, because we can produce microchannels with high interconnectivity and diameters of down to only a few micrometers because of the special microstructure of the sacrificial ceramic template. Furthermore, our approach can easily be upscaled to fabricate large amounts of microstructured materials, which is challenging for many other techniques such as 3D printing or cryogelation.^[@ref42]^

It is also very interesting that most of recent advancements in microporous hydrogel concentrate on anisotropy of the pore structures or increasing the mechanical strength of structured hydrogels.^[@ref42]^ Our approach concentrates on the creation of hydrogels, which cells can enter freely and in which they can migrate and proliferate without exiting the sample, so that we can study them on long time scales. Incubating *A. castellanii* cells on our new microchannel-containing PAAm revealed not only that the cells willingly enter and migrate inside the microchannels ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A), even with diameters much smaller than the cell diameter, but also that the maximum migration speed inside the channels is slower than on conventional 2D substrates ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A) and, most strikingly, that *A. castellanii* even cease migrating when reaching cavities that had formed at microchannel intersections within the network ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). The latter is particularly interesting, because Acanthamoebae are always in motion on the surface of bulk polyacrylamide samples, whereas more than 50% of the amoeba in microchannel-containing materials were resting during our experiments ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). This result is in agreement with a previous study that has reported a decrease in cell migration with increasing pore size.^[@ref143]^ Interestingly, cancer cells on the other hand have been found to increase their migration speed in narrow channels,^[@ref43]^ indicating the change of cell migration speed in refined spaces to be a complex phenomenon, which is worth studying. It is noteworthy that in our experiments cells accumulate in much smaller pores compared to the large pores between 96 and 151 μm in size used by Harley et al.,^[@ref143]^ demonstrating that the effect of cell accumulation is also present for small pores. In other words, the parasites were captured by the microchannel network structure of our material, which is highly interesting as this indicates that implementing these structures into, for example, conventional contact lens materials, whose high water contents particularly favor *A. castellanii* growth and hence pose a high infection risk on contact lens users,^[@ref20],[@ref21]^ would significantly decrease this infection risk by keeping the parasites inside the material, where they cannot reach the corneal tissue. It is also important to note here that the trophozoites did not encyst, hence they might be removed without the formation of cysts, which would make them resistant against standard disinfection treatments.^[@ref44]^

Despite having a cell diameter of 12--35 μm,^[@ref12]^*A. castellanii* trophozoites were able to migrate through microchannels with diameters down to 6.5 μm ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). The existence of this lower limit to diameters that *A. castellanii* can squeeze into is reminiscent of that of cells in collagen networks, where cell motion is stopped, if collagen fibers are too dense.^[@ref9]^ Previous studies on mammalian cells have shown that the nuclear deformability is a critical parameter in 3D cell migration.^[@ref8]^ The nucleus of *A. castellanii* trophozoites is one-sixth of the cell diameter with approximately 4.5--6.7 μm in size;^[@ref45]^ this can explain the abrupt absence of migrating cells in channels below approximately 6.5 μm in diameter. Another study has shown that cancer cell migration is impeded in channels with diameters below 7 μm, which is in agreement with our results.^[@ref43]^

Another very striking observation we made was that the trophozoites entering and remaining in the hydrogel leads to a decreased amount of *A. castellanii* in the incubation medium, which means that our new microchannel PAAm can be applied to remove these amoebae from water reservoirs. Since the presence of *A. castellanii* in such reservoirs also enhances the invasiveness of *Legionella pneumophila*,^[@ref12]^ this is high of general medical relevance. In contrast to other approaches to remove pathogenic microorganisms from solutions, which are mainly based on chemical capturing^[@ref46]^ and magnetic capturing,^[@ref47]^ our approach is solely based on the structural features of the porous hydrogel. This is a clear advantage because the structure is stable, the material is nondegradable and it can be cheaply and efficiently fabricated in high-throughput mode.

Conclusion {#sec5}
==========

In conclusion, our strategy of using porous ceramic templates to incorporate interconnected, labyrinth-like structures of microchannels into hydrogels provides novel, easy-to-fabricate 3D scaffolds for controlling and studying cell migration. As demonstrated, the specific organization and size distribution of microchannels in the material even allows to capture *A. castellanii* by structural material cues, providing an innovative high-throughput strategy for preventing Acanthamoeba-born diseases by, for example, avoiding Acanthamoeba contaminations in contact lens storage cases or water reservoirs. In addition to capturing pathogenic microorganisms, future applications in tissue engineering are highly promising, as in that case the large surface fraction of the cell--material contact in the microchannels can be exploited for controlling cell functions that are induced by this cell--material contact.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsbiomaterials.8b01009](http://pubs.acs.org/doi/abs/10.1021/acsbiomaterials.8b01009).Description and results of experiments to characterize the elastic properties as well as the swelling behavior of microchannel-containing PAAm samples; more fluorescent images are presented, which visualize the optical characterization of microchannel network properties ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.8b01009/suppl_file/ab8b01009_si_001.pdf))Movie S1, time array of phase contrast images with a total duration of 16 h of *A. castellanii* trophozoites migrating inside the microchannels of a microstructured PAAm substrate produced with the presented technique ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.8b01009/suppl_file/ab8b01009_si_003.avi))
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PAAm

:   polyacrylamide

t-ZnO

:   zinc oxide tetrapods

pyg

:   Peptone Yeast Glucose
